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Abstract
Background  The process of bone healing is complex and involves the participation of osteogenic stem cells, 
extracellular matrix, and angiogenesis. The advancement of bone regeneration materials provides a promising 
opportunity to tackle bone defects. This study introduces a composite hydrogel that can be injected and cured using 
UV light.

Results  Hydrogels comprise bioactive glass (BG) and PCL@GelMA coaxial nanofibers. The addition of BG and PCL@
GelMA coaxial nanofibers improves the hydrogel’s mechanical capabilities (353.22 ± 36.13 kPa) and stability while 
decreasing its swelling (258.78 ± 17.56%) and hydration (72.07 ± 1.44%) characteristics. This hydrogel composite 
demonstrates exceptional biocompatibility and angiogenesis, enhances osteogenic development in bone marrow 
mesenchymal stem cells (BMSCs), and dramatically increases the expression of critical osteogenic markers such as ALP, 
RUNX2, and OPN. The composite hydrogel significantly improves bone regeneration (25.08 ± 1.08%) in non-healing 
calvaria defects and promotes the increased expression of both osteogenic marker (OPN) and angiogenic marker 
(CD31) in vivo. The expression of OPN and CD31 in the composite hydrogel was up to 5 and 1.87 times higher than 
that of the control group at 12 weeks.

Conclusion  We successfully prepared a novel injectable composite hydrogel, and the design of the composite 
hydrogels shows significant potential for enhancing biocompatibility, angiogenesis, and improving osteogenic and 
angiogenic marker expression, and has a beneficial effect on producing an optimal microenvironment that promotes 
bone repair.
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Background
Dealing with bone tissue defects is a difficult task in 
the field of orthopedics, as a variety of factors, such as 
trauma, infections, tumors, osteonecrosis, and congeni-
tal malformations, can lead to bone tissue defects [1]. The 
conventional methods used to address these deficien-
cies, namely autografts, allografts, and xenografts, have 
well-established but restrictive characteristics, including 
restricted tissue supply and the possibility of rejection 
[2]. As a reaction, bone tissue engineering has devel-
oped as a promising approach to overcome these prob-
lems by developing composite biomaterials that improve 
bone regeneration. This encompasses the investigation 
of hydrogels, nanofiber membranes, and stem cells, all of 
which play a role in imitating bone’s intricate organic and 
inorganic structural elements [3–5]. The organic matrix 
of bone is mainly formed of collagen fibers and polysac-
charides. It is distinct from the inorganic phase, which 
comprises approximately 70% of the bone’s composition 
and comprises hydroxyapatite and other minerals like 
magnesium and zinc [2, 6].

Bioactive glass (BG) is a biomaterial that has received 
significant study focus in bone repair due to its excel-
lent biocompatibility, osteoconductive characteristics, 
and capacity to stimulate bone formation [7]. Hench 
identified 45S5 BG, which consists of 45% SiO2, 24.5% 
CaO, 24.5% Na2O, and 6% P2O5, as a graft material that 
enhances bone regeneration [8]. BG is exceptionally able 
to support bone growth, promoting a strong connection 
with surrounding bone tissue due to its highly active sur-
face. It contains a large amount of ions, and upon contact 
with human fluids, amorphous calcium phosphate forms 
on the surface, eventually turning into hydroxyapatite 
crystals [9]. The complex interaction between dissolved 
ions and cellular entities influences the process of bone 
regeneration on BG [10]. These ions can enhance the 
growth and activity of osteoblasts, leading to increased 
cell division, higher levels of protein production, and 
improved mineralization [11]. Furthermore, these ions 
can potentially enhance the differentiation of bone mar-
row mesenchymal stem cells (BMSCs) into bone cells 
and the formation of blood vessels in damaged tissues 
[12, 13]. To improve the effectiveness of therapy, specific 
metallic ions such as strontium, zinc, silver cerium, and 
gallium are added to the composite materials to enhance 
the regenerative effect [14–16].

Hydrogels are three-dimensional (3D) network scaf-
folds made of biocompatible cross-linked hydrophilic 
polymers that can be used for tissue engineering repair. 
Hydrogels provide a growth environment similar to the 
natural extracellular matrix (ECM), allowing for the 
transport and regulated release of growth factors, cells, 
and a variety of bioactive components, which are essen-
tial for bone tissue repair. Gelatin contains various ECM 

components and has good biocompatibility and biode-
gradability [17]. Gelatin and side chain modified prod-
ucts are utilized to make hydrogels. The photoinitiators, 
ultraviolet (UV), and visible light can crosslink and cure 
gelatin methacrylate (GelMA), a double-bonded gelatin 
derivative. GelMA combines natural and synthetic bio-
materials with highly thermosensitive gel qualities and 
degradability, good biocompatibility and cellular activity, 
and a 3D geometry that promotes cell development and 
differentiation. Thus, it can replace synthetic basement 
membranes and other collagen hydrogels [18]. Through 
injection, complete filling, and light-facilitated cova-
lent crosslinking, GelMA could distribute gel to uneven 
defect areas [19]. Nanofiber-reinforced composites have 
better mechanical characteristics than hydrogels [20]. 
Polycaprolactone (PCL)@GelMA nanofiber-reinforced 
composite hydrogels with core-shell structure can be 
prepared by improved coaxial electrospinning technique, 
thus improving their mechanical properties.

This study created photo-crosslinked GelMA/BG 
nanofiber composite hydrogels by combining coaxial 
fibers and BG with the GelMA hydrogel. The composite 
hydrogel has exceptional biocompatibility, mechanical 
characteristics, and the potential to induce osteogenic 
differentiation. The experiment examined the influence 
of different BG content and the presence or absence 
of coaxial fibers on the hydrogel’s overall physical and 
chemical characteristics. Additionally, in vitro research 
was performed to evaluate cells’ vitality and differentia-
tion, while in vivo investigations investigated their impact 
on bone repair after creating a lesion (Scheme 1).

Materials and methods
Materials
Type A gelatin, PCL, and Triton X-100 were purchased 
from Sigma (Germany). BG was bought from Hanno-
tech Biosciences (China). The photoinitiator (lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate, LAP) and 
portable curing light source (405 nm, 3 W) were bought 
from EngineeringForLife (China). Hexafluoroisopropanol 
(HFIP) and methacrylic anhydride (MA) were obtained 
from Macklin (China). Matrigel matrix was bought from 
Becton, Dickinson and Company (USA). Electrospinning 
machines were purchased from Yongkang (China). Fetal 
bovine serum (FBS) was obtained from Gibco (USA). 
Phosphate-buffered saline (PBS), Dulbecco’smodified 
Eagle medium (DMEM), penicillin-streptomycin solution 
(PS), ethylene diamine tetraacetic acid (EDTA) solution, 
cell counting kit-8 (CCK-8), SP Kit (Rabbit), hematoxy-
lin-eosin staining (H&E), Masson’s trichome staining, 
Calcein-AM/Propidium iodide (Calcein-AM/PI) kit 
and Radioimmunoprecipitation assay lysis buffer (RIPA 
lysates) were purchased from Solarbio (China). CD45, 
CD29, and Rabbit Anti-Osteopontin antibodies were 
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purchased from Bioss Biotechnology Co., Ltd. (China). 
FITC Anti-Rat CD 45 antibody and PE Anti-Rat CD 29 
antibody were purchased from Elabscience (China). 
Anti-CD31 antibody and Phalloidin-iFluor 488 antibody 
were purchased from Abcam (UK). FastPure Cell/Tis-
sue Total RNA Isolation Kit V2, ChamQ Universal SYBR 
qPCR Master Mix, and HiScript III RT SuperMix for 
qPCR were bought from Vazyme (China). Gene primers 
of Actin, alkaline phosphatase (ALP), runt-related tran-
scription factor 2 (RUNX2), and osteopontin (OPN) were 
purchased from Sangon Biotech (China). All reagents 
were taken for direct use without further treatment.

Methods
Preparation and characterization of GelMA hydrogel
Briefly, 2 g of type A gelatin was added to 20 mL of PBS 
at 60 °C and dissolved. Subsequently, 1.6 mL of MA was 
dropwise added into the solution at a rate of 1.0 mL/h 
while stirring vigorously for 3  h, followed by adding 80 
mL of preheated PBS. The unreacted components were 
removed in deionized water using a 12–14  kDa dialysis 
tube for one week. Subsequently, the fluid was filtered 
through a 0.22 μm filter, and the resulting liquid was fro-
zen at -80 °C overnight and then lyophilized. The GelMA 
solution was prepared by dissolving the lyophilized 
GelMA (0.7 g) in 10 mL of PBS containing photoinitiator 
(0.5% w/v) at 60  °C. Subsequently, the GelMA solution 

Scheme 1  Schematic illustration of the fabrication process, the excellent angiogenic and osteogenic properties, and the corresponding underlying 
mechanism of the composited hydrogel scaffold
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was freeze-dried, coated with Au/Pd using a Hummer 
6 sputter (Anatech, Union City, CA), and imaged utiliz-
ing a Phenom Pure scanning electron microscope (SEM, 
Shanghai, China), and the success of the GelMA fabrica-
tion was tested using Nuclear Magnetic Resonance Spec-
tra (NMR, Bruker Avance DPX Company).

Fabrication of PCL@GelMA coaxial nanofibers
The electrospinning equipment was utilized to fabricate 
a core-shell structure, where PCL (10 wt%) served as the 
core and GelMA (10 wt%) acted as the shell, dissolved in 
HFIP. A high voltage of 15  kV was applied between the 
collector and the coaxial needle, which was separated 
by a distance of 15 cm. The two solutions were injected 
using two independent syringe pumps at 1 mL/h (shell) 
and 0.5 mL/h (core). The coaxial needle used an inner 
diameter of 0.34 mm and an outer diameter of 0.84 mm. 
After 2  h, the electrospinning process was terminated. 
Subsequently, the collected coaxial fiber membranes 
were immersed in absolute ethanol containing 1% pho-
toinitiator and subjected to UV irradiation for 1  h to 
obtain the solid GelMA. The coaxial fiber membrane was 
coated with Au/Pd using a Hummer 6 sputter and then 
imaged using SEM. Transmission electron microscope 
(TEM) imaging was performed to validate the presence 
of coaxial fibers. The average diameter of the nanofibers 
was measured using ImageJ software from 100 nanofi-
bers in the SEM images. The success of the coaxial fibers 
and their integrity after treatment with ethanol were veri-
fied using an Fourier Transform Infrared Spectroscopy 
(FT-IR) spectrometer. To enhance dispersion and ensure 
injectability following hydrogel addition, the coaxial 
fibers were sectioned into shorter lengths utilizing a 
freezing microtome (Leica, Germany).

Fabrication and characterization of GelMA-PCL@GelMA-BG 
composited hydrogel
The GelMA-PCL@GelMA-BG composite hydrogels were 
prepared by incorporating coaxial short PCL fibers (2% 
w/v) and varying masses of BG (0, 1, 5, 10, 20% w/v) into 
the GelMA solution. Upon exposure to UV light for 10 s, 
the hydrogels transitioned from liquid phase to solid 
state. A rheometer was used to ascertain the alteration in 
modulus of the diverse composite hydrogels throughout 
the transformation from liquid to gel state. The hydrogels 
were subjected to freeze-drying after fabrication to exam-
ine their surface morphology. The composite hydrogels 
were coated with Au/Pd using a Hummer 6 sputter and 
then imaged using SEM. The composite hydrogels were 
assessed for swelling, hydration, degradation, mechani-
cal properties, and ability to form apatite. The prepared 
composite hydrogels (n = 5) were first equilibrated in 
PBS at 37 °C for 24 h. The weights of the samples before 
hydration (Wo) and at different time points (Wt) were 

recorded, respectively. The swelling ratio of the samples 
was calculated according to the following equation:

	
Swelling ratio (%) =

Wt − Wo

Wo
∗ 100

The hydration degree of samples was calculated accord-
ing to the following equation:

	
Hydration degree (%) =

Wt − Wo

Wo
∗ 100

The mechanical properties of the composite hydro-
gels were evaluated using a mechanical testing machine 
(Instron, USA). Cylindrical samples (n = 3) of 10  mm 
diameter and 4 mm thickness were immersed in PBS for 
24 h before testing. The uniaxial compression experiment 
was conducted at a 1 mm/min strain rate, and the stress-
strain curve was used to calculate the peak stress and 
compression modulus.

The degradation properties of the composite hydrogels 
were assessed by subjecting them to simulated body fluid 
(SBF) or collagenase (Sigma, USA), which mimicked in 
vivo conditions. The initial weight of the lyophilized sam-
ples (n = 5) was recorded as Wi. Subsequently, the samples 
were incubated on a shaker in SBF or PBS containing col-
lagenase (2.5 U/mL) at 37  °C. The samples’ final weight 
(Wf) was measured at different time points (0 h, 6 h, 12 h, 
18 h, 24 h, 48 h, and 72 h, and on days 7, 14, and 28). The 
weight% of the remaining samples was calculated using 
the following equation:

	
Mass remaining (%) =

Wf

Wi
∗ 100

To assess the apatite-forming capability of the compos-
ite hydrogels, triplicate samples (n = 3) were immersed in 
SBF for 7 days. Subsequently, the collected samples were 
washed three times, lyophilized, and examined using 
SEM and energy-dispersive X-ray spectroscopy (EDS).

Effect of composite hydrogels on cell proliferation
The cell viabilities of the different composite hydro-
gels were evaluated using CCK-8. MC3T3-E1 cells were 
cultured in the immersed complete medium of various 
hydrogels for 1, 3, and 7 days, followed by a CCK-8 assay, 
and tissue culture plates were used as controls. At each 
time, cells were triple-washed with PBS and then incu-
bated with the culture medium containing 10% CCK-8 
reagent for 2  h. The supernatant absorbance at 450  nm 
was measured using a microplate reader. Calcein-AM/PI 
(live/dead) staining was performed on day 3, and images 
were captured using an inverted microscope (Olympus, 
Japan) and analyzed with ImageJ software.
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Cell adhesion on composed hydrogels in vitro
After sterilization, the composite hydrogels were mixed 
in a sterile laminar flow hood and solidified under UV 
light in a 24-well plate to assess cell adhesion. MC3T3-E1 
cells were seeded onto the hydrogel surface at a density 
of 2 × 104 cells/well and cultured with complete medium 
(DMEM supplemented with 10% FBS, 1% penicillin/
streptomycin) at 37 °C in a 5% CO2 environment. After 3 
days of culture, the cell-seeded hydrogels were fixed with 
3% glutaraldehyde (Sigma, USA) for 30 min and washed 
three times with deionized water. Subsequently, the 
hydrogels containing cells were lyophilized and examined 
using SEM.

Angiogenesis of composed hydrogels in vitro
The tube formation and scratch assays were conducted 
using HUVECs. The preparation of extracts entailed the 
soaking of various composite hydrogels in DMEM for 
72 h, in accordance with the guidelines in ISO 10993-12. 
Subsequently, the HUVECs were treated with the diluted 
extract for 24  h. A mixture of 50 µL of Matrigel matrix 
and DMEM at a 1:1 ratio was added to a 24-well plate 
and incubated at 37  °C for 30  min to form a gel state. 
Subsequently, the HUVECs were seeded onto Matrigel 
at a density of 5 × 104 cells/well for 6  h. Thereafter, the 
tube structures formed within the gel were imaged using 
a microscope, and the parameters associated with tube 
formation were measured using the ImageJ software. 
To investigate the influence of composite hydrogels on 
cell migration, longitudinal scratches were made when 
HUVECs reached approximately 90% confluence. The 
cells were cultured in the extraction DMEM solution of 
the composite hydrogels at 37 °C for 24 and 48 h, respec-
tively. Then, the cells were stained with Calcein-AM and 
observed by the fluorescence microscope and photo-
graphed. The relative migration rate was measured using 
ImageJ software.

Effect of composite hydrogels on cell osteogenic 
differentiation in vitro
ALP activity was utilized to assess the impact of compos-
ite hydrogels on the differentiation of BMSCs. BMSCs 
were seeded in a 24-well plate at a density of 2 × 104 cells/
well. After 24  h, the culture medium was replaced with 
the osteogenic supplemental medium derived from vari-
ous composite hydrogels and maintained for 7 and 14 
days. After rinsing three times with PBS, the cells were 
fixed with 4% paraformaldehyde, stained with alizarin 
red for 30 min, and washed thrice again with PBS. Images 
were acquired using an inverted microscope and ana-
lyzed utilizing ImageJ software. For quantitative analysis 
of ALP content, an ALP activity assay kit was employed 
to detect active components of ALP, and the absorbance 
of the supernatant was measured at 405 nm. To further 

evaluate the effect of composite hydrogels on the osteo-
genesis of BMSCs, osteogenesis-related genes (ALP, 
RUNX2, and OPN) were investigated. The total RNA was 
extracted using the FastPure Cell/Tissue Total RNA isola-
tion kit, and an equivalent amount of RNA was processed 
to generate cDNA using the HiScript III RT SuperMix 
for the qPCR kit. Quantitative PCR was performed with 
ChamQ Univeral SYBR qPCR Master Mix.

Effect of composite hydrogels on osteogenesis in vivo
Four experimental groups of GelMA containing 20% 
BG and/or short coaxial fibers, respectively, were used 
to investigate the in vivo calcification ability of the com-
posite hydrogels. The rats were anesthetized by iso-
flurane inhalation with an animal anesthetic machine 
(1  L/min). Sterile lyophilized hydrogels were implanted 
subcutaneously in 8-week-old Sprague Dawley (SD) 
rats, and samples were collected at 2 and 4 weeks for 
Micro-computed Tomography (Micro-CT) examina-
tion to assess bone production. The animal experi-
ments were conducted following the approved protocol 
by the Animal Ethics Committee of Qingdao University 
(No.20210901SD5020231101128). To further investigate 
the impact of composite hydrogels on bone regenera-
tion, an in vivo study was conducted using a critical-sized 
cranial bone defect model created in 8-week-old male 
SD rats. A 6 mm diameter defect was surgically induced 
on the cranial bone, followed by implantation of steril-
ized GelMA/BG-Fiber, GelMA/BG, GelMA/Fiber, and 
GelMA scaffolds into the defect site. The SD rats were 
raised and allowed to move freely for 4, 8, and 12 weeks. 
SD rats were euthanized with chloral hydrate overdose at 
the corresponding time points, and their cranial bones 
were collected and fixed in 10% formalin for 24 h. After 
photography and Micro-CT, samples were decalcified 
with 10% EDTA solution for 8 weeks. Subsequently, the 
samples were embedded in paraffin and sectioned into 
slices of 4 μm thickness. These sections were then stained 
for H&E, Masson’s trichrome stain, as well as immuno-
histochemical markers including OPN, RUNX2, and 
CD31.

Statistical analysis
The comparison between groups was conducted using 
one-way analysis of variance (ANOVA), followed by 
Student’s t-tests for all pairwise comparisons. All values 
were obtained from at least three independent replicates 
and are presented as mean ± standard deviation. *p < 0.05, 
**p < 0.01, ***p < 0.001.

Results and discussion
Characterizations of GelMA/BG-Fiber composite hydrogels
As GelMA is a partially synthetic polymer derived from 
gelatin, the hydrolyzed form of type I collagen found in 
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bone, we anticipate that utilizing this polymer to syn-
thesize nanocomposite biomaterials for bone repair and 
regeneration could yield significant advantages. The syn-
thesis of GelMA offers several benefits, such as enabling 
control over reproducibility, degree of methacryloyl 
substitution, and consequently, the initial mechanical 
properties of GelMA hydrogel [21]. Firstly, we observed 
the injectable properties of the synthesized GelMA and 
the composite hydrogel, which can be passed through a 
syringe needle and fill irregular defects (Fig. S1a-b). The 
rheometer results demonstrated that a range of com-
posite hydrogels transitioned from liquid to gel in UV 
light irradiation (Fig. S1c-d). The storage modulus (G’) 
increased with incorporating BG (Fig. S1e). The success-
ful synthesis of GelMA enabled observation of its porous 
structure using SEM imaging techniques (Fig. S2a). The 
average pore size of GelMA was 110 ± 27 μm (Fig. S2b). 
The pore sizes of different groups of hydrogels were also 
measured, and found that as the BG component content 
increased, the pore size of the hydrogel became smaller. 
Besides, the pore sizes of the hydrogel can be main-
tained by adding the PCL@GelMA coaxial fibers (Fig. 
S2c). Maintaining pore size provides an environmental 
basis for cell ingrowth and nutrient exchange, which is 
benefite for bone regeneration. Confirmation of gelatin 
modification with MA was achieved through NMR anal-
ysis (Fig. S2d) [22]. A comparative examination of gelatin 
and GelMA revealed a distinct double-bonded proton 
peak (= CH2) in the NMR spectrum of GelMA, which 
appeared at approximately 5.5 ppm. An additional minor 
peak at 5.85 ppm can be attributed to the acrylic protons 
originating from MA groups [23]. Meanwhile, the dis-
appearance of the peak associated with lysine-NH2 (2.8 
ppm) indicated the predominant grafting of MA onto 
lysine-NH2 groups within the gelatin backbone during 
the formation of GelMA [24]. Additionally, the new peaks 
at 5.4 and 5.6 ppm indicated the successful binding of the 
methacrylate groups to gelatin. The degree of methac-
rylation of GelMA was calculated to be ≈ 71.89 ± 0.33% 
as determined by the ratio of the integrated area of the 
lysine methylene signals (2.8-3.0 ppm) of GelMA and the 
phenylalanine signal (7.1–7.4 ppm) of unmodified gelatin 
[25].

PCL@GelMA coaxial nanofibers were fabricated suc-
cessfully and observed by SEM and TEM (Fig. S3a). The 
inner layer (PCL) and outer layer (GelMA) can be seen 
in the TEM images. By measuring the SEM image, the 
diameter of the coaxial fiber was 879 ± 207 nm (Fig. S3b). 
The application of FT-IR revealed that the collagen peak 
(1645.12) remained after the ethanol production process, 
which contributed to the successful fabrication of coaxial 
fibers (Fig. S3c). Consequently, GelMA hydrogel was aug-
mented with coaxial fibers to fabricate a fiber-reinforced 
hydrogel system. By employing GelMA as the outer layer 

of the coaxial fibers, it is anticipated that superior adhe-
sion between the outer layer and the surrounding GelMA 
hydrogel will be achieved during the UV crosslinking 
process, which will increase the overall strength through 
the formation of an interpenetrating network.

The GelMA/BG-Fiber composite hydrogels, contain-
ing varying concentrations of BG (0, 1, 5, 10, 20% w/v), 
with or without PCL@GelMA coaxial nanofibers, were 
successfully synthesized and can be crosslinked using 
UV light. Figure  1 shows that the short coaxial nanofi-
bers with varying concentrations of BG were successfully 
incorporated while preserving the porous structure of 
the hydrogel. The porous structure of hydrogels is essen-
tial for cell growth and angiogenesis [26]. The compos-
ite hydrogels exhibited robust swelling properties due to 
their highly interconnected porous structure. The swell-
ing of hydrogels plays a pivotal role in the healing and 
regeneration of bone tissue as it facilitates the transpor-
tation of nutrients and the removal of waste products 
through diffusion [21]. The incorporation of BG signifi-
cantly influences the swelling behavior of the hydrogels. 
The swelling characteristics of the hydrogels decreased 
with the increase in BG content, which may be attributed 
to the electrostatic interaction between the negatively 
charged silicon hydroxyl (–Si–OH) groups on the surface 
of BG and the positively charged amino (–NH2) groups 
in GelMA [9], whereas the incorporation of coaxial fibers 
had no significant effect (Fig.  2a-b). The hydration rate 
of the composite hydrogel with 20% BG-Fiber was 72%, 
which was lower than that of GelMA (89%) (Fig. 2c). The 
results demonstrate that the composite hydrogels exhibit 
favorable swelling ratios, which indicate their potential 
for efficient nutrient diffusion when transplanted into the 
body for bone regeneration.

The mechanical properties of the hydrogel were signifi-
cantly enhanced by incorporating PCL@GelMA coaxial 
nanofibers and BG. The GelMA shell of the coaxial fiber 
exhibited a remarkable affinity with the surrounding 
GelMA hydrogel, facilitating crosslinking under UV light 
irradiation and thereby augmenting the overall mechani-
cal characteristics. During compression performance 
testing, the composite hydrogel containing PCL@GelMA 
coaxial nanofibers exhibited rupture at a compression 
level of 65%. Remarkably, upon completion of the test, the 
composite hydrogel fully recovered its initial appearance, 
whereas the absence of PCL@GelMA coaxial nanofibers 
in the hydrogel resulted in irreversible fragmentation 
(Fig. S4a). The 2% concentration of PCL@GelMA coax-
ial nanofibers of the composite hydrogel, solely supple-
mented with PCL@GelMA coaxial nanofibers, exhibited 
a significantly higher value compared to the content of 
0% and 1%, while no significant difference was observed 
in comparison to the 3% content (Fig. S4b). This result 
was similar to that of Qiu [20], and therefore, 2% PCL@
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GelMA coaxial nanofibers were used in the subsequent 
experiments. The incorporation of PCL@GelMA coaxial 
nanofibers not only enhances the mechanical properties 
of the hydrogel but also maintains the hydrogel shape. 
The hydrogel exhibited a simultaneous increase in ulti-
mate stress and compressive modulus with the addition 
of BG (Fig.  2d and Fig. S5a-b). The GelMA-containing 
BG hydrogels exhibited rupture at approximately 60% 
compression, whereas the composite hydrogel contain-
ing PCL@GelMA coaxial nanofibers exhibited rupture at 
a compression level of 65%. Notably, hydrogels with a BG 
content of 20% exhibited irrecoverable deformation when 
subjected to flat compression. Mechanical properties play 
a crucial role in the development of bone regeneration 
materials. Simple hydrogels possess limited mechanical 

strength and, therefore, necessitate the incorporation of 
PCL@GelMA coaxial nanofibers and BG to enhance the 
overall robustness. After incorporating these constitu-
ents, composite hydrogels retain their injectability and 
exhibit the potential for mending irregular bone defects.

The degradation properties of composite hydrogels 
are critical, and the optimal degradation scenario is 
the synchronization of hydrogel degradation and bone 
growth [27]. The degradation of composite hydrogels 
was assessed during a 28-day incubation period in SBF, 
approximating the duration required for bone healing 
and remodeling following fracture [21]. In SBF solution, 
the composite hydrogels containing 0%, 1%, and 5% BG 
exhibited significant degradation within two weeks and 
complete degradation by 4 weeks, while the hydrogels 

Fig. 1  The SEM images of composite hydrogels. (a) Different BG contents (0, 1, 5, 10, 20% v/w) were added to GelMA. (b) Different contents (0, 1, 5, 10, 
20% v/w) of BG and PCL@GelMA coaxial nanofibers added in GelMA
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Fig. 2  The effect of BG and coaxial fibers on composite hydrogels’ hydration degree, mechanical, and physiological stability. (a-c) The swelling rate and 
hydration degree were weakened by adding BG and coaxial fibers. (d) The mechanical property was enhanced by adding BG and coaxial fibers. (e-f) Deg-
radation behaviors of hydrogels in SBF showed slow weight loss after 28 days soaking. (g-h) Degradation behaviors of hydrogels in collagenase solution 
decreased the degradation rate by adding BG and coaxial fibers. (*p < 0.05, **p < 0.01, ***p < 0.001)
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with 10% and 20% BG content demonstrated partial 
degradation (Fig.  2e-f ). Collagenase-mediated degrada-
tion was rapid and complete within 24  h for hydrogels 
with 0%, 1%, and 5% BG content. Hydrogels containing 
20% BG also exhibited significant degradation, reach-
ing approximately 63% and 43% (fiber-containing) 
after 7 days (Fig.  2g-h). The addition of BG effectively 
slowed down the degradation process, possibly due to 
the strong interaction between BG and GelMA hinder-
ing the penetration of the collagenase solution. However, 
incorporating coaxial fibers did not significantly hinder 
the degradation, possibly due to the simultaneous deg-
radation of the GelMA component in the shell and the 
hydrogel. The weight of the composite hydrogels exhib-
ited fluctuations during the degradation measurements, 
which could be attributed to the hydrogel degradation 
along with the deposition of phosphates, which led to an 
increase in the weight of the sample. It can be inferred 
that the observed mass change is primarily attributed to 
the initial dissolution of the BG and the subsequent for-
mation of mineralized crystals [28].

For the phosphate formation ability test, the composite 
hydrogels of each group were immersed in SBF for 7 days. 
Subsequently, the collected sample sections were exam-
ined using SEM. Particles were observed on the surface 
of the composite hydrogels, and EDS analysis revealed 
that these particles were enriched in calcium (Ca) and 
phosphorus (P) (Fig. S6a-b), which are the main com-
ponents of bones. The composite hydrogel’s Ca/P ratio 
of the surface elements was 1.56 ± 0.03, which resembles 
that in artificial bone (ranging from 1.50 to 1.67) [29]. 
The deposition of phosphate crystals on the surface 
gradually increases with increasing BG content (Fig. 
S6c), which could also be seen on the surface of the fibers 
(Fig. 3). In the presence of SBF, the composite hydrogels 
exhibited rapid release of calcium and phosphorus ions, 
forming calcium phosphate crystals on their surface [30]. 
Incorporating coaxial fibers also facilitates the nucle-
ation and growth of phosphate crystals, enhancing their 
crystallization capacity [31]. In conclusion, incorporat-
ing BG and coaxial fibers significantly mitigated swelling 
and hydration rate, decelerated degradation kinetics, and 
augmented mechanical properties and mineralization 
formation ability of the composite hydrogels.

The inorganic components in bone biomateri-
als research include BG, β-tricalcium phosphate, and 
hydroxyapatite [32–34]. After implantation into dam-
aged bones, BG is reabsorbed and integrated with the 
bone by forming a layer of apatite on its surface [35]. 
Although various polymers have been utilized in devel-
oping bone biomaterials, selecting polymers that closely 
emulate the natural bone microenvironment is impera-
tive. Several studies have utilized both synthetic and 
natural polymers, such as chitosan, gelatin, and sodium 

alginate, to fabricate bone biomaterials containing BG 
[36–39]. The selection of gelatin, a natural polymer, is 
highly advantageous for establishing an environment 
that closely emulates the primary organic constituents 
of endogenous bones due to its hydrolyzed form derived 
from type I collagen present in the skeletal system. Col-
lagen can enhance the metabolic activity of osteoblasts, 
thereby promoting osteogenesis, suppressing inflamma-
tion, inducing chondrogenesis, and improving bone min-
eral density [40]. Compared to gelatin, GelMA exhibited 
the primary advantage of a slower degradation rate and 
enhanced mechanical strength. In addition, the inter-
action between cells and the ECM is regulated by argi-
nine-glycine-aspartic acid sequences within the GelMA 
structure, which serve as recognition sites for adhesive 
proteins that facilitate cell adhesion [41]. In summary, 
GelMA/BG-Fiber composite hydrogel is an excellent bio-
material that can effectively mimic the natural biological 
microenvironment of bone and has the potential to pro-
mote bone repair and regeneration.

Effect of composite hydrogels on cell behaviors in vitro
The interaction between cells and hydrogels is essential. 
Upon examination of the cells adhered to the surface of 
the composite hydrogels, it was observed that they exhib-
ited strong adhesion, with even crystalline formations 
emerging on their surfaces during the sustained release 
of ions from the BG (Fig. 4a). This phenomenon became 
more pronounced with increasing BG content. We ini-
tially investigated the effect of fiber supplementation on 
cell proliferation and observed no statistically significant 
differences (Fig.  4d). The biocompatibility of different 
composite hydrogels was assessed using Calcein-AM/PI 
(live/dead) staining. It was observed that an increase in 
the content of BG resulted in a higher number of dead 
cells, and 83% of the cells survived in the 20% BG of com-
posite hydrogel in the extraction solution (Fig.  4b-c). 
We attribute these results to crystal growth. The incor-
poration of BG has been shown to release a significant 
quantity of ions, resulting in an initial alkaline pH in the 
solution, which subsequently affects cell proliferation 
[42]. The growth and proliferation of stem cells are also 
influenced by the content of BG in solution, with cell 
growth being stimulated only at an appropriate concen-
tration [43]. Therefore, in this experiment, we hypothe-
size that the development of crystals, changes in solution 
pH, and BG content in the solution exert an inhibitory 
effect on cell proliferation.

Angiogenesis and osteogenesis are essential for 
bone regeneration in tissue engineering scaffolds. 
The impact of hydrogels with varying BG contents 
on HUVEC tube formation assays was assessed. The 
composite hydrogel containing 20% BG exhibited the 
most extensive tube network formation, continuous 
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Fig. 3  The optical pictures and SEM images of composite hydrogels soaked in SBF for 7 days. (a) The optical pictures of different groups. (b) The formation 
of mineralized crystals on the surface increased with increased BG content. (c) Mineralized crystals form on the surface of the fibers
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tube walls, and the most significant number of meet-
ing points, segments, and branches (Fig.  5a-d). Fig-
ure  5e shows cell migration images of HUVECs after 
culturing with the extraction solution of the composite 
hydrogels for 24 and 48 h. The corresponding quanti-
tative migration areas filled by HUVECs are shown in 

Fig. 5f-g. The composite hydrogel containing 20% BG 
exhibited larger migration areas filled by HUVECs 
than the other groups. To assess the differentiating 
effect of hydrogels on cells, we isolated and character-
ized BMSCs based on their multipotent differentia-
tion potential and cell surface-specific markers (Fig. 

Fig. 4  The evaluation of biocompatibility of composite hydrogels. (a) SEM images of MC3T3-E1 on composite hydrogels at day 3. (b) Calcein-AM/PI (live/
dead) staining of different composite hydrogels. (c) Results of Calcein-AM/PI (live/dead) staining by counting the number of live cells. (d) The CCK8 assay 
showed that the cell growth was inhibited with the increase in BG. (*p < 0.05, ***p < 0.001)
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Fig. 5  Effect of scaffolds on tube formation of angiogenesis. (a) Tube formation images of HUVECs. (b) Number of junctions, (c) total branching length, 
and (d) total segment length per field of view. (e) The images of HUVECs cultures for 24 and 48 h and (f, g) quantitative statistics of cell migration rates in 
cell scratch assay (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001)
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S7) and then cultured BMSCs in the extraction solu-
tion of composite hydrogels. By evaluating the aliza-
rin red staining of BMSCs cultured for 14 days, it was 
observed that the area of positive staining was signifi-
cantly increased in the composite hydrogels containing 

10% (9.7%) and 20% BG (12.8%) (Fig. 6a-b). Quantita-
tive analysis of ALP showed that at 7 days, ALP expres-
sion was higher in the composite hydrogel containing 
1% BG (0.24 U/L), while at 14 days, ALP expression 
was significantly increased in the composite hydrogel 

Fig. 6  The osteogenic differentiation detected by alizarin red staining, ALP quantification, and qPCR. (a-b) Alizarin red staining after cultured BMSCs with 
the composite hydrogel extraction solution for 14 days. The 10% and 20% BG composite hydrogels can significantly increase the positive staining area. (c) 
Quantitative analysis of ALP shows that the expression of ALP in the composite hydrogel with 1% BG content was higher at 7 days, while the composite 
hydrogel with 20% BG content significantly promoted ALP expression at 14 days. (d-e) qPCR results detecting the osteogenic gene (ALP, RUNX2, and OPN) 
expression of BMSCs cultured with different composite hydrogels. (*p < 0.05, ***p < 0.001)
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containing 20% BG (0.27 U/L) (Fig.  6c). Regarding 
gene expression analyzed by qPCR, the inclusion of 
5%, 10%, and 20% BG hydrogels significantly enhanced 
the expression of OPN when BMSCs were cultured 
for 7 days. Additionally, after 14 days, incorporating 
a 20% BG composite hydrogel increased the expres-
sion levels of ALP (9.1 times), RUNX2 (2.7 times), and 
OPN (2.3 times) in BMSCs (Fig. 6e-f ). ALP is an early 
indicator of osteogenesis and closely correlates with 
the biomineralization process. RUNX2 and OPN are 
crucial ECM proteins that serve dual functions, play-
ing a pivotal role in the survival of osteoclasts as well 
as bone mineralization [44]. The hydrogels containing 
20% BG exhibited the highest capacity for mineralized 
crystal formation, which may transiently impede cell 
proliferation but ultimately promote osteogenic dif-
ferentiation. Consequently, this particular group was 
chosen for in vivo experimentation. Therefore, adding 
bioglass releases various ions, such as calcium, phos-
phorus, and silicon ions, and these can produce phos-
phate crystals when in contact with body fluids. Such 
crystals have a high hardness, which can constitute 
both the bone mechanism and the signal for osteo-
genic differentiation that can be generated for stem 
cells, promoting the expression of osteogenesis-related 
genes such as ALP, RUNX2, OPN, which is conducive 
to the differentiation of cells to osteoblasts.

Bone regeneration promoted by composite hydrogels in 
vivo
To evaluate the osteogenic potential of the composite 
hydrogels in vivo, we initially implanted the lyophilized 
hydrogels into the subcutaneous tissue of rats. Subse-
quently, we obtained samples for Micro-CT analysis 
after 2 and 4 weeks. Compared to hydrogels without 
fibers, composite hydrogels containing fibers showed 
significantly enhanced mineralization after 2 and 4 
weeks in vivo (Fig. S8). The fibers may offer additional 
attachment sites to form mineralized crystals, promot-
ing crystal nucleation and subsequent crystal growth. 
Subsequently, a rat skull defect model was established, 
and the composite hydrogel was injected into the 
defect site, followed by UV light curing for 10  s. The 
samples were collected and analyzed by Micro-CT at 
4, 8, and 12 weeks. Subsequently, the samples were 
decalcified, sectioned, and stained with H&E, Masson’s 
trichrome stain, and immunohistochemical staining 
(Fig.  7a). The 20% BG composite hydrogel demon-
strated significant osteogenesis in Micro-CT detec-
tion compared to the other groups at all three-time 
points (Fig.  7b). Moreover, although the presence of 
coaxial fibers did not exert a significant effect on bone 
regeneration, it was observed that the bone tended to 
be located more centrally within the skull defect. The 

quantitative bone volume/tissue volume (BV/TV) data 
was computed based on the 3D Micro-CT data. At 
12 weeks, the 20% BG composite hydrogels repaired 
approximately 25% and 23% of the bone defects, 
which was much higher than the control group (10%) 
(Fig. 7c). This finding suggests that fibers may serve as 
nucleation sites for crystal formation, facilitating and 
enhancing bone regeneration. Currently, the promi-
nence of 3D printing technology is driving advance-
ments in bone formation, but it is challenging to apply 
to repair irregular defects [45, 46]. The strength of our 
study lies in its ability to cater to diverse application 
scenarios involving irregular defects while being easily 
implementable.

The results of H&E and Masson’s trichrome stain-
ing of each group are presented in Fig. 8. The GelMA 
group was still not completely degraded at 4 weeks. 
However, upon the addition of BG, a substantial for-
mation of blood tissue and bone-like matrix was 
observed, accompanied by an enhanced infiltration 
of lymphocytes. At 8 weeks, the BG group exhibited 
more multinucleated osteoclasts, while lymphocytes 
remained abundant. By 12 weeks, lymphocyte levels 
started to decline, accompanied by an increase in the 
quantity and size of the osteoid matrix and a signifi-
cant reduction in the osteoclast population. As shown 
in Fig.  9a-b, hydrogels (including BG and coaxial 
fibers) dramatically increased the expression of OPN 
in immunohistochemical staining at all periods. Espe-
cially at 12 weeks, OPN expression in the GelMA-
PCL@GelMA-BG group was 5 times higher than in the 
control group. CD31, a marker of nascent endothelial 
cells, is commonly employed for neonatal microvessel 
quantification to assess the angiogenesis of implanted 
materials [47, 48]. In immunohistochemical staining 
for CD31, the GelMA-PCL@GelMA-BG group had 
more CD31 expression and more vascular tissue pro-
duction at 8 and 12 weeks (Fig.  9c-d). The observed 
results may be attributed to the synergistic interac-
tion between the hydrogel matrix and the particles 
released from BG. In the GelMA-BG group, a sub-
stantial amount of CD31-labeled cavity formation was 
observed, which was infrequent in the GelMA-PCL@
GelMA-BG group. Consequently, these findings sug-
gest that including coaxial fibers effectively restricts 
cavity formation. It has been demonstrated that sili-
cates can upregulate nitric oxide synthase, thereby 
inducing angiogenesis [49]. Calcium ions also facili-
tate angiogenesis, thereby augmenting the secretion of 
vascular-related cytokines and promoting endothelial 
cell adhesion [50]. BG, which releases calcium ions, 
may facilitate this process. Moreover, blood vessels 
can deliver nutrients, bioactive factors, and osteogen-
esis-related cells to promote new bone formation and 
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transport metabolic waste or toxic products for accel-
erated repair. In conclusion, the novel advantages of 
the GelMA/BG-Fiber composite hydrogel enhanced 
biocompatibility and improved osteogenic and angio-
genic marker expression, which are crucial for promot-
ing bone regeneration.

Notwithstanding the preliminary findings of the 
present study, certain limitations were identified. For 
instance, the composite hydrogel displays inadequate 
strength, rendering it incapable of providing adequate 
support for the bone defect at the weight-bearing site. 
Consequently, it can only be employed as an auxiliary 
measure subsequent to internal fixation. Secondly, the 
hydrogel is of low viscosity, which carries the risk of 
detachment from the bone defect site. It is our inten-
tion to further improve the hydrogel composite in 
order to facilitate osteogenesis and vascularisation, 
which will be more pertinent to the context of bulk 
bone defect surgery.

Conclusion
In summary, we have successfully demonstrated the 
development of a novel injectable osteogenic material 
by incorporating coaxial fibers, BG, and GelMA into 
a composite hydrogel. The BG component exhibits 
rapid ion release capabilities in physiological fluids, 
including Ca, P, and Si. Furthermore, it facilitates the 
formation of mineralized crystals on the surface and 
promotes hydroxyapatite deposition, which is essen-
tial for bone regeneration. The incorporation of PCL@
GelMA coaxial nanofibers enhances the mechanical 
properties while preserving the pore structure of the 
composite hydrogels and provides additional nucle-
ation sites for mineralized crystals, thereby facilitating 
the generation of a more significant number of min-
eralized crystals within the hydrogel. Such composite 
hydrogel induces enhanced expression of osteogenesis-
related genes such as ALP, RUNX2, and OPN in vitro, 
while exhibiting augmented osteogenic and angiogenic 
capabilities in vivo, thereby holding potential for treat-
ing irregular bone defects.

Fig. 7  The animal experiment patterns and analysis of Micro-CT results. (a) The skull defect model of 6 mm diameter was established, and the sam-
ples were analyzed at 4, 8, and 12 weeks. (b-c) Micro-CT results showed that adding BG and coaxial fiber induced more bone regeneration. (*p < 0.05, 
**p < 0.01, ***p < 0.001)
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Fig. 8  H&E and Masson’s trichrome staining of the samples. (a-b) Adding BG and coaxial fibers promoted the early increase of osteoclasts and the forma-
tion of a bone-like matrix. The yellow arrows indicate the formation of a bone-like matrix and bone
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